Comparison of the Nucleic Acid- and NTP-Binding Properties of the Movement Protein of Cucumber Mosaic Cucumovirus and Tobacco Mosaic Tobamovirus  by LI, QIUBO & PALUKAITIS, PETER
VIROLOGY 216, 71–79 (1996)
ARTICLE NO. 0035
Comparison of the Nucleic Acid- and NTP-Binding Properties of the Movement Protein
of Cucumber Mosaic Cucumovirus and Tobacco Mosaic Tobamovirus
QIUBO LI and PETER PALUKAITIS1
Department of Plant Pathology, Cornell University, Ithaca, New York 14853
Received September 11, 1995; accepted November 17, 1995
The cucumber mosaic virus (CMV) 3a movement protein (MP) was compared directly to the well-characterized tobacco
mosaic virus (TMV) 30K MP by cloning the genes encoding these proteins into Escherichia coli, isolating the E. coli-expressed
MPs, and characterizing them with regard to RNA- and NTP-binding activities. The two MPs were shown to bind single-
stranded RNA and DNA cooperatively, but with no sequence specificity. However, discrete lengths of CMV RNA 3 could
be protected against RNase digestion by the CMV 3a protein, indicating that the RNA was not uniformly covered by the
MP after cooperative binding. The TMV 30K:RNA complex was more stable in NaCl than the CMV 3a:RNA complex; about
50% of the corresponding complexes were stable in 0.6 and 0.4 M NaCl, respectively. Both MPs could bind GTP strongly
and UTP weakly, but not ATP or CTP. The CMV 3a protein expressed either in E. coli or in planta from RNA 3 of CMV was
tagged at its C-terminus with six histidine residues, which facilitated its purification by affinity chromatography on a matrix
containing Ni2/-nitrilotriacetate. The soluble, His-tagged 3a proteins, affinity-purified from E. coli and zucchini squash, both
were able bind CMV RNA 3 in vitro. q 1996 Academic Press, Inc.
case, the MP was found to bind ATP and CTP and haveINTRODUCTION
ATPase activity (Rouleau et al., 1994).
Cucumber mosaic virus (CMV) is an isometric plantThe movement proteins (MPs) encoded by plant vi-
virus with a tripartite RNA genome (review in Palukaitisruses play a pivotal role in plant virus movement and
et al., 1992). RNAs 1 and 2 are required for replicationtherefore have received considerable attention in recent
while RNA 3 encodes two proteins, the 30K 3a (move-studies (reviewed by Hull, 1989; Maule, 1991; McLean et
ment) protein and 24.5K 3b (capsid) protein, both of whichal., 1993). The characterization of the MPs of several
are involved in virus movement. The 3a protein is gener-plant viruses in different genera has been carried out,
ally regarded as the MP of CMV because: (i) it is a non-although to different extents. In all cases the proteins
structural protein not required for replication, but re-examined were found to be essential for virus movement
quired for infection of plants (Suzuki et al., 1991); (ii)but not for replication in single cells (protoplasts) (Nishi-
its function can be complemented in transgenic plantsguchi et al., 1978; Meshi et al., 1987; Osman et al., 1991;
expressing the 3a gene (Kaplan et al., 1995); (iii) it canSuzuki et al., 1991; Thomas et al., 1993). Complementa-
traffic itself as well as RNA from cell to cell (Ding et al.,tion has been observed in three cases where the virus
1995); and (iv) it contains sequence similarities to puta-carrying a dysfunctional MP gene could systemically in-
tive MPs of other viruses (Davies and Symons, 1988;fect a transgenic plant expressing the homologous MP
Melcher, 1990; Mushegian and Koonin, 1993). Although(Deom et al., 1987; Giesman-Cookmeyer et al., 1995;
the CMV 3a protein has the above characteristics sharedKaplan et al., 1995). Some of these MPs have been ex-
by the tobacco mosaic virus (TMV) 30K protein and otherpressed in vitro (e.g., in Escherichia coli and in Saccharo-
virus MPs, the CMV 3a MP is related only remotely tomyces cerevisiae) and the isolated MPs showed the abil-
the well-characterized TMV 30K MP, based on sequenceity to bind single-stranded (ss) nucleic acids, although
alignment analysis. However, the CMV 3a protein alsowith no sequence specificity (Citovsky et al., 1990, 1991;
shows some clear differences from other virus MPs. ForOsman et al., 1992; Schoumacher et al., 1992; Pascal et
example, unlike most other virus MPs, which are usuallyal., 1994; Thomas and Maule, 1995). Several of the E.
localized in the cell wall of the infected plant, the CMVcoli-expressed MPs were also found to be able to traffic
3a protein was detected predominantly in the solublethemselves as well as viral RNAs from one cell to another
cytoplasmic fraction of the infected plant (Kaplan et al.,(Fujiwara et al., 1993; Noueiry et al., 1994; Waigmann et
1995). Furthermore, CMV requires the coat protein alongal., 1994; Lucas and Gilbertson, 1994). Finally, in one
with the 3a protein for viral cell-to-cell movement, in con-
trast to TMV, where only the 30K protein is needed for
viral cell-to-cell movement. On the other hand, in contrast1 To whom reprint requests should be addressed.
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to some other viruses that require the coat protein for transcription of pFny309 (Rizzo and Palukaitis, 1990) with
T7 polymerase in the presence of 5 mCi [32P]UTP (400movement (van Lent et al., 1990; Perbal et al., 1993), CMV
does not induce tubular structures protruding from the Ci/mmol; Amersham) as described in the Promega proto-
cols. The labeled transcript was mixed with purified MPscell membrane during infection (Ding et al., 1995). Thus,
some aspects of the mode of cell-to-cell movement of in 15 ml of binding buffer A [50 mM Tris–Cl, 1 mM EDTA
(pH 7.0), 50 mM NaCl, 1 mM DTT, 1 mg/ml bovine serumCMV may be different from that of TMV, cowpea mosaic
virus, or cauliflower mosaic virus (CaMV). To further char- albumin (BSA), and 10% glycerol]. After incubation on ice
for 30 min, the mixture was either subjected to electro-acterize the CMV 3a MP and to compare it to the TMV
30K MP, both MPs were expressed in E. coli and the phoresis in 1% agarose gels in TAE buffer or irradiated
with UV light (twice at 9000 mJ) in a Stratalinker (Stra-isolated proteins were compared for their characteristics
to bind nucleic acid and NTPs. In addition, the CMV 3a tagene), treated with RNase A, and analyzed by electro-
phoresis on 10 or 12% polyacrylamide gels containingprotein was isolated from infected plant tissue by affinity
chromatography and characterized. SDS (SDS–PAGE). The gels were dried and autoradio-
graphed.
In nucleotide binding assays, 0.05 mCi of each a-32PMATERIALS AND METHODS
nucleoside triphosphate (400 Ci/mmol; Amersham) was
Expression and purification of the CMV 3a protein incubated with 0.25 mg of the expressed protein in 10 ml
and the TMV 30K protein in E. coli of binding buffer B (50 mM Tris–Cl, pH 8.0, 100 mM NaCl,
1 mM MgCl2 , 1 mM DTT, and 10% glycerol) at roomThe nucleotide sequence encoding the CMV 3a pro-
temperature for 1.5 hr. The mixture was then irradiatedtein (Fny strain) and the TMV 30K protein (U1 strain)
under UV light (twice at 9000 mJ) and analyzed by SDS–was amplified from cDNA clones via a polymerase chain
PAGE. The gels were dried and autoradiographed.reaction (PCR) protocol (Sambrook et al., 1989) that intro-
duced an NdeI site and a BamHI site flanking the 5* end
Nitrocellulose membrane filter binding assayof the initiation codon and the 3* end of the stop codon,
respectively. The cDNA clones used as templates for Nitrocellulose membrane filter binding assays were
the PCR reactions were a TMV cDNA clone containing done as described by Wong and Lohman (1993) except
sequences from nucleotide 4903 to the 3* end in pUC129, that the binding buffer was changed to binding buffer A
which was generously provided by Dr. W. O. Dawson (above) containing different concentrations of NaCl. After
(University of Florida, Lake Alfred, FL), and pFny309, a incubation of the 3a protein and labeled transcript in 15
CMV RNA 3 cDNA clone, described in Rizzo and Palu- ml of the buffer, the mixture was filtered through a 45-
kaitis (1990). After digestion with the above enzymes, the mm nitrocellulose membrane using the (Schleicher &
fragments containing the genes encoding the MPs were Schuell) Minifold aspiration device. The membrane was
ligated into the expression vector pET11a (Novagen, then washed three times with 1 ml buffer A, dried, autora-
Madison, WI) previously digested with the same two en- diographed, and counted for radioactivity retained using
zymes. The ligated DNAs were transformed into E. coli a liquid scintillation counter (Beckman).
strain BL21(DE3) and overexpressed as indicated by the
supplier (Novagen). The expressed proteins were puri- Tagging of the CMV 3a protein with six histidines
fied as described by Citovsky et al. (1990) except that and protein purification
sonication (on ice; 2 min) was used to facilitate lysis of
Six histidine codons were inserted into the CMV RNAthe cells and breakage of the bacterial chromosomal
3 cDNA clone, pFny309, immediately before the stop co-DNA, the inclusions were washed with lysis buffer con-
don of the 3a open reading frame (ORF) by site-directedtaining 2% Triton X-100, and 8 M urea was used to solubi-
mutagenesis, using a synthesized primer (5*-CTAATA-lize the protein without incubation at 567. For refolding,
CGCACCAAAGTACTAGTGGTGATGGTGATGGTGAAGA-the solubilized MPs were dialyzed sequentially against
CCGTTAACCACCTG-3*; the bold A was a silent changebuffer L of Citovsky et al. (1990) containing 4 M urea, 1
to create an SpeI site for screening and the underlinedM urea, and no urea, and the proteins were stored in
nucleotides were introduced to generate the insertionbuffer L at 47.
of six histidines), resulting in the modified cDNA clone,
pFny309-His. Infectious transcripts were obtained by inIn vitro transcription, gel electrophoresis retardation
vitro transcription of pFny309-His, combined with tran-assay, and UV crosslinking
scripts of RNA 1 and RNA 2 and inoculated to tobacco
or zucchini squash plants (Shintaku et al., 1992). FreshSingle-stranded TMV RNA and double-stranded (ds)
CMV RNAs were isolated (Palukaitis et al., 1983), and tissues were harvested 8 days postinoculation and
ground in binding buffer C (50 mM sodium phosphate,total ss RNAs were purified from virus particles (Kaplan
et al., 1995), both as previously described. 32P-labeled pH 8.0, 300 mM NaCl, 10 mM 2-mercaptoethanol, 5 mM
imidazole; 1 ml buffer/g, tissue). The extract was centri-full-length Fny CMV RNA 3 was generated by in vitro
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fuged at 12,000 g for 20 min and the supernatant was Nucleic acid binding characteristics of the CMV 3a
and TMV 30K MPsapplied to a 1-ml column of Ni2/-nitrilotriacetic acid (Ni2/-
NTA; QIAGEN) preequilibrated with binding buffer C.
The TMV 30K protein has been shown to bind ss nu-After washing the column with 10 ml binding buffer C
cleic acids (Citovsky et al., 1990). To examine whetherand 10 ml elution buffer D (50 mM sodium phosphate,
the CMV 3a protein also has the ability to bind ss RNA,pH 6.0, 10 mM imidazole, and 10% glycerol), the His-
32P-labeled full-length RNA 3 of Fny-CMV derived fromtagged 3a protein was eluted from the column with elu-
in vitro transcription of the full-length cDNA clone wastion buffer D containing various concentrations of imidaz-
incubated with the purified 3a protein and analyzed byole up to 250 mM; 3 1 1-ml fractions were collected for
electrophoresis on nondenaturing agarose/TAE gels. Aseach imidazole concentration.
shown in Fig. 1B, at low protein/RNA (w/w) ratios, mostThe His-tagged 3a gene from pFny309-His was sub-
of the labeled RNA migrated as free RNA. However, atcloned into the E. coli expression vector pET11a as
higher protein/RNA ratios (50), the mobility of the RNAabove, and the His-tagged 3a protein was expressed and
was drastically retarded. The RNA retardation pattern ofpurified from bacteria according to the protocol provided
the CMV 3a protein was similar to that of the TMV 30Kby the supplier of the Ni2/-NTA matrix (QIAGEN). Analysis
protein (Fig. 1B). The rapid mobility transition from freeof the His-tagged 3a proteins was by SDS–PAGE and
RNA to completely retarded RNA as the protein concen-either silver staining using a kit (Bio-Rad) or electroblot-
tration increases indicates that either the binding of bothting the proteins in the gels to nitrocellulose membranes
proteins to the RNA is cooperative or the binding oc-and immunoprobing the blots with rabbit antiserum to
curred between the RNA and aggregated protein.the CMV 3a protein (Kaplan et al., 1995), alkaline phos-
To further analyze the RNA binding properties, the 3aphatase-conjugated goat anti-rabbit (secondary) anti-
protein was preincubated with proteinase K (Fig. 2A, lanebody, and chromogenic reagents for development, as
1), heated at 1007 for 10 min (lane 2), or treated withdescribed in Gal-On et al. (1994).
0.1% SDS (lane 3) prior to incubation with labeled RNA
transcript (lane 5). All three treatments either abolished
or greatly reduced the ability of the 3a protein to bind ssRESULTS
RNA when compared to the nontreated 3a protein (Fig.
Overexpression and purification of the CMV 3a 2A, lane 4). The remaining RNA binding after proteinase
and TMV 30K proteins in E. coli K treatment probably was due to incomplete digestion
of the 3a protein. Digesting the 3a protein:RNA com-
The genes encoding the CMV 3a protein and the TMV plexes with RNase A gave rise to a protein:RNA core
30K protein were subcloned into the E. coli expression (Fig. 2A, lanes 7–9) which migrated faster than the free
vector pET11a, linked to the strong bacteriophage T7 RNA transcript (lane 5) and showed only a slight differ-
promoter, producing pETMP3a and pETMP30K, respec- ence in mobility when digested with different amounts of
tively. A low-protease E. coli strain, BL21(DE3) containing RNase A, indicating that the 3a protein binds to discrete
a lac promoter-controlled T7 polymerase gene was used lengths of the RNA and not as an aggregate of protein
as the host for protein expression. Both MPs were ex- to some of the RNA. No such RNase-resistant cores were
pressed to a high level after induction of T7 polymerase observed in the absence of the 3a protein (Fig. 2A, lane
expression in the host bacterial cells by adding IPTG 6). These data suggest that cooperative binding occurs
(Fig. 1A, lanes 2 and 7). These high levels of expression between the 3a protein and the viral RNA.
resulted in the formation of insoluble aggregates of the To determine whether the 3a protein has any se-
proteins (inclusion bodies; Fig. 1A, lanes 4 and 9), which quence specificity or preference in binding RNA, compe-
were separated readily from the bulk of the soluble bac- tition binding assays were performed by incubating unla-
beled competitor nucleic acids of various types and 32P-terial proteins (Fig. 1A, lanes 3 and 8) by centrifugation.
Soluble bacterial proteins were further removed by wash- labeled CMV RNA 3 together with the CMV 3a protein,
followed by analysis of the incubation mixture on a non-ing the inclusion bodies with lysis buffer containing 2%
Triton X-100. The MPs were solubilized in a buffer con- denaturing agarose gel. The results shown in Fig. 2B
demonstrated that the heterologous ss viral RNA (lanestaining 8 M urea and most of the preparation remained
soluble after removal of the urea by dialysis. The final 1 and 2, TMV RNA), homologous ss viral RNA (lanes 3
and 4, CMV RNAs), and heterologous ss viral DNA (lanespurified protein preparations contained very few detect-
able E. coli proteins (Fig. 1A, lanes 5 and 10). The ex- 7 and 8, M13 phage DNA) were all able to compete
effectively with the labeled transcript in binding to the 3apressed 3a and 30K proteins showed the expected sizes
on SDS–polyacrylamide gels. Under the same expres- protein. At the higher competitor concentration (0.1 mg
vs 0.025 mg/15 ml), more labeled RNA showed a shift fromsion conditions, bacteria carrying only the vector pET11a
did not express any exogenous protein with a size similar the position of completely retarded RNA to the position of
free RNA (Fig. 2B, lanes 1 vs 2 and 7 vs 8). However,to that of either the 3a or the 30K protein (not shown).
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FIG. 1. Expression, purification, and analysis of the CMV and TMV movement proteins. (A) SDS–PAGE of the expressed CMV 3a (lanes 1–5)
and TMV 30K (lanes 6–10) proteins extracted from E. coli. The total bacterial lysate was analyzed before (lanes 1 and 6) and after (lanes 2 and 7)
induction of expression. The induced lysate was centrifuged to remove the overexpressed protein, present in the pellet as an inclusion (lanes 4
and 9) from the soluble bacterial proteins (lanes 3 and 8). The inclusions were solubilized in 8 M urea, centrifuged to remove insoluble materials,
and dialyzed to remove the urea (lanes 5 and 10). The gel was stained with Coomassie blue. The positions of the molecular weight markers are
indicated. The arrow indicates the position of the movement proteins. (B) Retardation gel electrophoresis assay for RNA binding by the movement
proteins purified from E. coli. Increasing amounts of either the TMV 30K protein (lanes 1–6) or the CMV 3a protein (lanes 7–11) were incubated
in 15 ml of binding buffer A with 1 ng of 32P-labeled CMV RNA 3 transcript, and the mixture was electrophoresed in a 1% nondenaturing agarose
gel. The amount of movement proteins used in the assays is indicated.
neither ds CMV RNAs (Fig. 2B, lanes 9 and 10) nor the incubation mixture was irradiated with UV light. This
treatment can covalently crosslink protein:RNA com-sheared yeast RNA fragments (50 nt; Fig. 2B, lanes 5
and 6) were effective competitors, although the ds RNAs plexes that are in close molecular association. Unbound
RNA was removed by RNase A digestion, and the mixturedid show a weak competition. Thus, the CMV 3a protein
binds specifically to ss nucleic acid without obvious se- was analyzed by SDS–PAGE and autoradiography. As
shown in Fig. 3 (lanes 1–4), a strong band could bequence preference.
Verification of the ability of the CMV 3a protein and seen in the position expected for the 3a protein (arrow).
Samples containing less RNase showed a band with anot just contaminating higher molecular weight E. coli
proteins to bind ss RNA (Thomas and Maule, 1995) was broader and slower mobility (Fig. 3, lane 4 vs lane 1).
When no RNase was added, this band disappeared intodemonstrated by UV light crosslinking experiments. The
32P-labeled RNA was incubated with the 3a protein and a smeared background (Fig. 3, lane 5), with most of the
FIG. 2. Determination of the in vitro binding parameters of the CMV 3a movement protein. (A) RNA binding characteristics of the CMV 3a protein
analyzed by retardation gel electrophoresis. The CMV 3a protein (250 ng in 15 ml) was pretreated with proteinase K (1 mg at 377 for 30 min; lane
1), 0.1% SDS (lane 2), or heat (1007, 10 min; lane 3) before incubation with 5 ng of 32P-labeled CMV RNA 3 transcript. The 3a protein (250 ng in 15
ml) was incubated with 32P-labeled RNA (5 ng) and either not treated further (lane 4) or incubated with different amounts of RNase A (room
temperature, 15 min): 1 mg (lane 7), 250 ng (lane 8), or 60 ng (lane 9). The above samples and protein-free 32P-labeled RNA (5 ng), either incubated
(lane 6) or not incubated (lane 5) with 60 ng of RNase A, were resolved on a 1% nondenaturing agarose gel. (B) Competition binding assay with
the CMV 3a protein. The CMV 3a protein (250 ng in 15 ml) was incubated with 5 ng of labeled CMV RNA 3 transcript either in the absence of (lane
11) or in the presence of nonlabeled competitors (lanes 1–10): TMV RNA (lanes 1 and 2); CMV RNAs (lanes 3 and 4); sheared, yeast RNA (lanes
5 and 6); M13 ss DNA (lanes 7 and 8); or ds CMV RNAs (lanes 9 and 10). Two levels of competitor were used: 1 mg (lanes 1, 3, 5, 7, and 9) or 250
ng (lanes 2, 4, 6, 8, and 10). The labeled RNA was also incubated with buffer alone (lane 12).
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FIG. 3. UV crosslinking of the movement proteins with labeled RNA.
The CMV 3a protein was incubated with labeled RNA (10 ng) for 30
min on ice. After UV irradiation, the mixture was either untreated (lane
5) or incubated with different amounts of RNase A (lanes 1–4, 6–9): 2
mg (lane 1), 500 ng (lane 2), 130 ng (lane 3), or 30 ng (lanes 4, 6–9).
Incubations were also carried out in the presence of either excess
nonlabeled competitor ss CMV RNAs (1 mg; lane 7) or ds CMV RNAs FIG. 4. Salt stabilities of RNA:movement protein complexes. The TMV
(1 mg; lane 8), or either BSA (lane 6) or the TMV 30K protein (10 ng; 30K and the CMV 3a proteins (250 ng) were incubated on ice with
lane 9) instead of the CMV 3a protein. The samples were analyzed by labeled RNA (1 ng) in the presence of the indicated concentrations of
SDS –PAGE and autoradiography. The arrow indicates the position of NaCl. After incubation, the mixtures were analyzed by nitrocellulose
the 3a protein. membrane filter binding. RNA binding was quantified by determining
the radioactivity on the membrane by liquid scintillation counting.
labeled RNA at the top of the gel. When the incubation
was carried out in the presence of excess unlabeled ing domains (Saito et al., 1988). Thus, both the TMV 30K
CMV RNA (Fig. 3, lane 7), when the UV irradiation was protein and the CMV 3a protein were tested here for their
omitted (not shown), or when BSA was substituted for ability to bind to any of the four NTPs. Both MPs were
the 3a protein (lane 6), no band was observed. Moreover, incubated with each of the four a-32P-labeled NTPs, fol-
ds RNA could not compete with the binding of labeled lowed by UV irradiation to crosslink covalently any bound
RNA to the 3a protein (Fig. 3, lane 8). The TMV 30K NTP, and were analyzed by SDS–PAGE. As shown in
protein also was UV-crosslinked by the labeled RNA and Fig. 5, both MPs were clearly labeled by GTP and weakly
gave a band of the expected size (Fig. 3, lane 9). labeled by UTP, but were not labeled by either ATP or
CTP. In some but not all experiments in which BSA wasStability of MP:RNA complexes at different
substituted for the MPs, a very weak binding to GTPsalt concentrations
was observed (not shown), similar in intensity to that
Stability of protein:RNA complexes with respect to salt observed between the TMV 30K protein and UTP (Fig. 5,
concentration is often a criterion used to evaluate the lane 4). When an excess of unlabeled GTP (25 mM) was
strength of a protein:RNA association. The complexes incubated along with 32P-labeled GTP (12.5 nM) and the
formed between the 32P-labeled RNA transcript and the 3a protein prior to UV irradiation, very little 3a protein
3a or 30K proteins were incubated in buffers with differ- became labeled (Fig. 5, lane 5), while the presence of
ent concentrations of NaCl, and the incubation mixtures
were filtered through a nitrocellulose membrane and
washed to remove unbound RNA, leaving only protein
and protein:RNA complexes on the membrane. This
method is effective in detecting small amounts of pro-
tein:RNA complexes which otherwise would not been
observed by gel retardation. As shown in Fig. 4, both
MPs bind RNA maximally between 50 and 200 mM NaCl,
and at 400 mM NaCl both MPs showed a significant
decrease in RNA binding. At 600 mM NaCl, the 3a protein
could no longer bind RNA, while the 30K protein still
retained about half of its RNA binding capability (vs at FIG. 5. Nucleotide binding by the movement proteins. The TMV 30K
200 mM NaCl) (Fig. 4). At higher salt concentrations, the and the CMV 3a proteins (250 ng in 10 ml) were incubated with each
30K protein was also dissociated from the RNA. of the four [a-32P]NTPs: ATP (lane 1), CTP (lane 2), GTP (lanes 3 and
7), and UTP (lane 4), at 12.5 nM. The incubation mixtures were irradiated
Nucleotide binding specificity of the CMV under UV light and analyzed by SDS–PAGE. Incubation and irradiation
of the CMV 3a protein was also carried out with [a-32P]GTP in theand TMV MPs
presence of the nonlabeled competitors 25 mM GTP (lane 5) and 25
Sequence analyses of the tobamovirus MPs indicated mM ATP (lane 6). The samples were analyzed by SDS–PAGE and
autoradiography. The arrow indicates the position of the 3a protein.that they contain sequence motifs of possible NTP bind-
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unlabeled ATP (25 mM) in the incubation mixture with the other bands with mobilities less than and greater than
that of the 3a protein also appeared in fractions eluting3a protein and labeled GTP only slightly reduced the
binding of 3a protein to GTP (Fig. 5, lane 6). The residual with 50 and 100 mM imidazole (Fig. 6A, lanes 2 and 3).
In the fraction eluting in 250 mM imidazole (Fig. 6A, lanelabeling seen in Fig. 5, lane 5, could be due to either a
high Km for GTP concentration or the high concentration 4), only one band with a mobility similar to that of the E.
coli-expressed 3a protein (Fig. 6A, lane 5) was observed.of protein (0.8 mM) in the assay. A similar competition
assay was not done with labeled UTP or using the TMV This band and several higher molecular weight bands
reacted very strongly with the 3a antiserum in an immu-30K protein. These data indicate that the 3a and 30K
proteins are GTP (and possibly UTP)-binding proteins. noblot assay (Fig. 6B, lanes 1–5), indicating their relation-
ship to the 3a protein. The higher molecular weight formsThe higher molecular weight bands present in Fig. 5,
lane 3, may be crosslinked aggregates of the respective of the 3a protein may be the aggregates previously de-
scribed in gels showing RNAs (Fig. 3) or NTPs (Fig. 5)MPs or contaminating E. coli proteins. Bands of similar
mobility were also observed when RNA was bound to crosslinked to the CMV 3a protein expressed in E. coli.
None of the bands described above were detected whenthe MPs by UV crosslinking (Fig. 3).
extracts of noninfected plants were applied to the Ni2/-
Tagging of the 3a protein with six histidines NTA column and eluted with imidazole (data not shown).
An in-frame insertion of six histidine (His) codons was RNA-binding activity of the His-tagged 3a protein
introduced into the 3* terminus of the 3a ORF of pFny309 Using Ni2/-NTA chromatography, the His-tagged 3a
by site-directed mutagenesis, resulting in addition of six protein expressed in E. coli was purified to homogeneity
His residues to the C-terminus of the 3a protein. The pres- as demonstrated by silver staining (Fig. 6A, lane 5). The
ence of the introduced six His codons in pFny309-His, the His-tagged 3a protein was then examined for RNA bind-
modified full-length Fny-CMV RNA 3 cDNA clone, was ing ability by gel retardation (not shown) and UV-cross-
verified by sequencing (data not shown). Transcript of RNA linking assays (Fig. 6C). The His-tagged 3a protein was
3 obtained by in vitro transcription of pFny309-His, along able to bind ss RNA cooperatively (not shown) with a
with transcripts of Fny-CMV RNAs 1 and 2, was inoculated pattern similar to that of the nontagged 3a protein (Fig.
onto tobacco plants. Five days postinoculation, the to- 1B). In UV-crosslinking assays, the His-tagged 3a protein
bacco plants showed green mosaic symptoms indistin- purified from E. coli was crosslinked to the labeled RNA
guishable from those induced by wild-type Fny-CMV. Virus (Fig. 6C, lane 5) and was of the same size as the cross-
was extracted from the infected plants 12 days postinocu- linked nontagged 3a protein (Fig. 6C, lane 3a). An addi-
lation and the yield was equivalent to wild-type Fny-CMV. tional band with about twice the molecular weight of the
The six-His-codon tag was retained in the viral RNA during 3a protein was also crosslinked to the labeled RNA.
two passages in tobacco plants and no other changes Since the His-tagged 3a sample purified from E. coli was
were detected by RNA sequencing (data not shown). The devoid of any detectable bacterial contaminant proteins
Fny-CMV encoding the His-tagged 3a protein was also (Fig. 6A, lane 5), this additional band is probably a dimer
able to infect zucchini squash with infectivity kinetics simi- of the 3a protein. The intense bands migrating faster
lar to those of the unmodified virus. than the 3a protein (Fig. 6C, lane 5) may be degradation
products of the His-tagged 3a protein. The His-tagged
Isolation of His-tagged 3a protein from both
3a protein sample isolated from infected squash and
E. coli and plants
eluting from the Ni2/-NTA column in 250 mM imidazole
also was analyzed in a similar UV-crosslinking assay forThe His codon-tagged 3a gene was ligated into the
the ability to bind RNA. As shown in Fig. 6C, a weakvector pET11a and cloned into and overexpressed in E.
band with a slightly faster migration than the E. coli-coli, and the His-tagged 3a protein was purified by Ni2/-
expressed 3a protein was crosslinked to the RNA (lanesNTA-affinity chromatography. The protein purified from
4, arrow). The data shown in Fig. 6 were obtained usingthe E. coli cells transformed with pETMP3a-His con-
extracts of CMV-infected squash plants. These containedtained a single band of the expected size less contami-
a higher concentration of MP than extracts of CMV-in-nated by bacterial protein than the conventionally purified
fected tobacco (data not shown). Nevertheless, the His-nontagged 3a protein (Fig. 6A, lane 5, and data not
tagged 3a protein isolated from squash was not testedshown). Under the same conditions, no protein was ob-
for either cooperative RNA binding or NTP binding, be-tained from E. coli cells transformed with pETMP3a, in
cause of the low levels of protein present in these assayswhich the 3a gene was not tagged (data not shown).
compared to those present in previous ones (Figs. 1– 5).The isolated protein samples from infected plants
were far less homogeneous. As shown in Fig. 6A, a band
DISCUSSIONwith the molecular weight expected for the 3a protein
(arrow) appeared in fractions eluting at 50 mM (lane 2) The results presented here show that the CMV (3a)
MP binds ss RNA in a cooperative manner similar to thatand higher molarity (lanes 3 and 4) imidazole. Several
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FIG. 6. Isolation and characterization of the His-tagged 3a protein from both E. coli and CMV-infected squash leaves. The squash leaf extract
was subjected to affinity chromatography on a Ni2/-NTA column. After extensive washing with buffer containing 10 mM imidazole, the proteins
were eluted from the column sequentially in buffer containing imidazole at 25 mM (lane 1), 50 mM (lane 2), 100 mM (lane 3), and 250 mM (lane 4).
The last wash fraction (lane 0), the elution fractions (lanes 1–4), and the His-tagged 3a protein isolated from E. coli and purified by Ni2/-NTA-affinity
chromatography (lane 5) were analyzed by SDS–PAGE and either (A) stained with silver reagents or (B) blotted to a nitrocellulose membrane and
immunoprobed with an antiserum to the 3a protein. In C, samples corresponding to those seen in lanes 4 and 5 of A and B as well as nontagged
3a protein expressed in and purified from E. coli by the conventional method were incubated with 32P-CMV RNA 3, UV-irradiated, and incubated
with RNase A (1 mg) as in Fig. 3 prior to analysis by SDS–PAGE and autoradiography. The arrows indicate the position of the 3a protein.
of the TMV (30K) MP. No sequence specificity was found binding is just a result of electrostatic attractions be-
tween the positively charged sidechains of the MP andin the RNA binding by the 3a protein. The 3a protein
cannot bind ds RNA or very small fragments of ss RNA the negatively charged backbone of the RNA. When the
3a protein was heat denatured, which presumably would(e.g., sheared yeast RNA fragments), indicating that the
binding requires some minimum length of nucleic acid. cause more charged amino acid sidechains to become
exposed, it lost the ability to bind ss RNA. We also ob-In these respects, the CMV MP is similar to the other viral
MPs studied previously. The observation that discrete served that complete refolding of the protein by extensive
dialysis was crucial for it to achieve full capacity of RNAlengths of CMV RNA 3, but not the entire RNA molecule,
were protected against digestion with RNase indicated binding (data not shown). These data suggest that the
binding of the 3a protein is structure-dependent.that the entire RNA 3 is not coated with MP as a result
of the cooperative binding. Although the CMV 3a protein showed an RNA binding
pattern similar to that of the TMV 30K protein, the pro-There are no extensive sequence similarities between
the MPs of different virus families. Results from experi- tein:RNA complex formed by the CMV 3a protein is disso-
ciated more readily by NaCl than the complex formedments to identify the sequences in the MPs of TMV (Ci-
tovsky et al., 1992), alfalfa mosaic virus (AlMV; Schou- by the TMV 30K protein. Different virus MPs have been
reported to have different degrees of salt stability in bind-macher et al., 1992), CaMV (Thomas and Maule, 1995),
and red clover necrotic mosaic virus (RCNMV; Osman et ing to ss RNA. The AlMV 3a protein (Schoumacher et al.,
1992) and the CaMV P1 (Citovsky et al., 1991) have beenal., 1993; Giesman-Cookmeyer and Lommel, 1993) re-
sponsible for RNA binding showed that no consensus shown to have significantly decreased RNA binding activ-
ity at 0.2 M NaCl. The TMV 30K protein was reported toRNA-binding domain or motif exists, although most MPs
are found to be rich in basic amino acids. It may be be able to withstand 0.6 M NaCl (Citovsky et al., 1990),
similar to the result obtained here. Binding of the MPsquestioned whether the 3-D structure itself of the MP
is important for its RNA-binding activity or whether the of RCNMV (Osman et al., 1992) and foxtail mosaic potex-
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virus (FoMV) (Rouleau et al., 1994) to RNA is stable at bind ss RNA. This is the first time that a virus movement
protein has been purified from infected plants and shown0.4 M NaCl, similar to what is shown here for the CMV
3a protein. to contain RNA binding activity. This system should allow
purification of larger quantities of the native MP, as wellBoth the TMV 30K MP and the CMV 3a MP showed
the ability to bind GTP. There is a predicted NTP-binding as allow us to discern whether any of the proteins copuri-
fying with the 3a protein (Fig. 6A) are involved in thesequence in both proteins, although this same region
containing a stretch of hydrophobic residues preceding movement process.
a conserved Asp was proposed in another sequence
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